A catadioptric optical system is one that employs both lens and mirror components in the optical path, and can be used to capture a nearly 360°field of view. Such a system had the advantages of processing only one image, and with this image being continuous, not having to deal with discontinuities at the boundaries of view as a ring of conventional cameras would introduce. This paper presents a novel configured catadioptric sensor, a precise omnidirectional stereo vision optical device (OSVOD) based on a common perspective camera coupled with two hyperbolic mirrors. As the hyperbolic mirrors ensure a single viewpoint (SVP) the incident light rays are easily found from the points of the image. In our system the two hyperbolic mirrors, which aligned coaxially and separately, share one focus that coincides with the camera center. So the geometry of our system naturally ensures matched epipolar lines in the two images of the scene. The separation between the two mirrors provides a large baseline and eventually leads to a precise result. The properties mentioned above make the system especially suitable for omnidirectional stereo vision because depth estimation is simple, fast and precise. This proposed system can be used for detecting obstacles by mobile robots, automatic mapping of environments and machine vision where fast and real-time calculations are needed.
INTRODUCTION
The conventional cameras are limited in their fields of view (FOV). An effective way to enhance the FOV is to construct an omnidirectional vision system using mirrors in conjunction with perspective cameras. These systems normally referred as catadioptric and have been designed by several researchers, such as [1] , [2] , [3] , [4] , [5] etc. A common constraint upon the omnidirectional sensors modeling requires that all the imaged rays pass through a unique point called single viewpoint (SVP) [13] . The reason a single viewpoint is so desirable is that it is a requirement for the generation of pure perspective images from the sensed images. These perspective images can subsequently be processed using the vast array of techniques developed in the field of computational vision that assume perspective projection. The mirrors popularly used to construct wide FOV catadioptric are hyperbolic or parabolic. But the latter must coupled with telecentric optics which makes them restrictive for certain applications in panoramic vision.
Catadioptric have been used for omnidirectional stereo vision as report in [6] , [7] , [8] ,9]. Such two-camera stereo systems can be sorted out horizontal stereo systems and vertical stereo systems according to their cameras' configuration. In [9] , the cameras are configured horizontally and the baseline of triangulation is in the horizontal plane. This configuration brings two problems. One is the epipolar line becomes curved line cause the computational cost increases. The other is the accuracy of the 3D measurement depends on the direction of a landmark [14] . In the omnidirectional stereo vision system [6, 7, 8] two omnidirectional cameras are vertically arranged. Such configuration escapes the shortcomings brought by horizontal stereo system, but the cables of power and data introduce occlusion to the images captured by this kind system. In addition, two-camera stereo systems are costly and complicated besides have the problem of requiring precise positioning of the cameras.
Single camera stereo has several advantages over two-camera stereo. Because only a single camera and digitizer are used, system parameters such as spectral response, gain, and offset are identical for the stereo pair. In addition, only a single set of internal calibration parameters needs to be determined. Perhaps most important is that single camera stereo simplifies data acquisition by only requiring a single camera and digitizer and no hardware or software for synchronization [15] . Omnidirectional stereo based on a double lobed mirror and a single camera was developed in [10] , [11] , [12] . A double lobed mirror is a coaxial mirror pair, where the centers of both mirrors are collinear with the camera axis, and the mirrors have a profile radially symmetric around this axis. This arrangement has the advantage to produce two panoramic views of the scene in a single image. Thus, it is extremely compact and naturally ensures the alignment of the two images of the scene. But the disadvantage of this method is the relatively small baseline it provides. Since the two mirrors are so close together, the effective baseline for stereo calculation is quite small.
In this paper, we introduce our omnidirectional stereo vision optical device, named OSVOD. In OSVOD two hyperbolic mirrors coupled with a common perspective camera separately fixed inside a glass cylinder. Figure 1 is a diagram of our stereo sensor. The camera and the two hyperbolic mirrors are aligned vertically and coaxially. A hole in the mirror bellow permits imaging via the mirror above. The two hyperbolic mirrors share one focus which coincides with the camera center and are separated by a baseline, b. We define the coordinate system so that the focal point of the camera, O, is at the origin (in 3-space), and the optical axis is pointing along the z-axis. Then the hyperbolic mirrors can be represented in this coordinate as equation (1) ( ) ( ) 
THE DESIGN OF OSVOD

（1）
The catadioptric system has the advantage of wide angle of view. But the images acquired by such system have a relatively low spatial resolution. Especially when objects more than a few meters away, their images are severely distorted. For obtaining images with a relatively good quality, we set our system have a sensor range of 2.5 meters when placed 750mm high above ground. Designing the two hyperbolic mirrors according to this specification, we get the parameters of the mirrors ( See Table 1 ). 
THE MATHEMATICS OF OSVOD
In Figure 2 Solving the equation group (6), we can get the coordinate of space point P, thereby gaining the range information.
CALIBRATION
In order to reduce computation complexity, we present a calibration procedure of OSVOD that includes two steps: calibration the perspective camera without mirror first and then calibrate the catadioptric camera system. By imaging model perspective camera we understand a mathematical formula describing the relationship between the coordinates of a 3D world point X=[x c ,y c ,z c ]
T and its corresponding point in the camera q [16, 17, 18, 19] .
There are essentially three coordinate systems for OSVOD. I. The world system centered at the point W. II. The mirror systems centered at F a and F b respectively and their z axes coincide with the axis of the mirror. III. The camera coordinate system centered at the second focal points F a and F b respectively and with z axis corresponding to the optical axis of the camera. Figure 2 depicts the composition of a perspective camera with two hyperbolic mirrors and the camera center O coincides with the focal points of the mirrors F a and F b . The equation of the hyperbolic mirrors (1) is described in Section 2. Because there is only a z axis translation between the mirrors' coordinates, so we can consider the above mirror coordinate system only. Let the transformation between the world system and the mirror system be expressed by a rotation matrix R M and a translation vector t M . The second transformation, between the mirror system and the camera coordinate system is marked by R C and t C . Note the R C and t C cannot be arbitrary. The camera center has to coincide with the second focal point of the mirror to preserve SVP. The translation thus must be t C =[0,0,2c] T . Even though the camera system can be arbitrary rotated it is convenient to set R C =I 3 to simplify computation. The image formation can be expressed as a composition of coordinate transformations and projections. Let a 3D point X be expressed in some world coordinates centered at point W. The point X in the world coordinates is translated by t M and rotated by R M into the mirror coordinate system ( )
(8) The point X M is projected by a central projection on the surface of the mirror. Let the point on the mirror be denoted by X h . The line υ going from F a to X M consists of points
We want to find the proper λ where the line υ intersects the mirror. We insert (9) to the mirror equation (1) which yield T and rotated by R C into the coordinate system of the camera and projected into the vector u representing the normalized image coordinates
, where
R C stands for the third row of the matrix R C . The vector u is transformed into the homogeneous pixel coordinates using camera calibration matrix K, see equation (7). Where λ is given by the equation (11) . So there are 6 external calibration parameters (3 for t M and 3 for R M ) and 7 internal parameters (two for the rotation matrix R C , 5 for K which can be calibrated in the first step). And the R C =I 3 is usually set to simplify computations.
CONCLUSION
Compared to the systems mentioned above, the OSVOD has such significant advantages as its geometry calculating easy and fast and simultaneous acquisition of precise range information without high cost or system complexity. And as the separation between the two hyperbolic mirrors provides a large baseline, the range information obtained from this method has much improved precision. The appearance of OSVOD is shown in figure 3 .
